The p62/SQSTM1 adapter protein has an important role in the regulation of several key signaling pathways and helps transport ubiquitinated proteins to the autophagosomes and proteasome for degradation. Here, we investigate the regulation and roles of p62/SQSTM1 during acute myeloid leukemia (AML) cell maturation into granulocytes. Levels of p62/SQSTM1 mRNA and protein were both significantly increased during all-trans retinoic acid (ATRA)-induced differentiation of AML cells through a mechanism that depends on NF-jB activation. We show that this response constitutes a survival mechanism that prolongs the life span of mature AML cells and mitigates the effects of accumulation of aggregated proteins that occurs during granulocytic differentiation. Interestingly, ATRA-induced p62/SQSTM1 upregulation was impaired in maturation-resistant AML cells but was reactivated when differentiation was restored in these cells. Primary blast cells of AML patients and CD34
p62 or sequestosome 1 (p62/SQSTM1) is a scaffold protein, implicated in a variety of biological processes including those that control cell death, inflammation, and metabolism. 1, 2 Through its multi-domain structure, p62/SQSTM1 interacts specifically with key signaling proteins, including atypical PKC family members, NF-kB, and mTOR to control cellular responses. [3] [4] [5] [6] [7] p62/SQSTM1 functions also as a key mediator of autophagy. Through its interaction with LC3, an essential protein involved in autophagy, p62/SQSTM1 selectively directs ubiquitinated substrates to autophagosomes leading to their subsequent degradation in lysosomes. 8, 9 At the molecular level, p62/SQSTM1 acts as a pro-tumoral molecule by ensuring efficient and selective activation of cell signaling axes involved in cell survival, proliferation, and metabolism (i.e., NF-kB, mTOR, and Nrf-2 pathways).
3,5-7,10-13 p62/ SQSTM1 can also signal anti-tumoral responses either by inactivating the pro-oncogenic signaling through BCR-ABL 14 and Wnt pathways 15, 16 or by inducing the activation of caspase 8, a pro-death protein. 17, 18 Interestingly, in response to stress, autophagy promotes the degradation of p62, thus limits the activation of p62-regulatory pathways that control tumorigenesis. 10 In addition, p62/SQSTM1 controls pathways that modulate differentiation of normal and cancerous cells. For example, p62/SQSTM1 has been shown to antagonize basal ERK activity and adipocyte differentiation. 19 In contrast, p62/SQSTM1 favors differentiation of osteoclasts, 20 osteoblasts, 21 neurons, 22 megakaryocytes 23 and macrophages. 24 The role and regulation of p62/SQSTM1 during leukemia cell differentiation has been poorly documented. Acute myeloid leukemia (AML) is a hematological disease characterized by multiple deregulated pathways resulting in a blockade of myeloid precursors at different stages of maturation. 25, 26 Acute promyelocyte leukemia (APL) is the M3 type of AML characterized by an arrest of the terminal differentiation of promyelocytes into granulocytes and frequently associated with the expression of the oncogenic PML-RAR alpha fusion gene. 27, 28 All-trans retinoic acid (ATRA), a potent activator of cellular growth arrest, differentiation, and death of APL cells, has been shown to effectively promote complete clinical remission of APL when combined with chemotherapy. [29] [30] [31] Despite the success of this treatment, some APL patients are refractory to ATRA treatment or relapse owing to the development of resistance to ATRA in leukemia cells. [32] [33] [34] Our previous results revealed that autophagy flux is activated during granulocyte differentiation of myeloid leukemia cell lines induced by ATRA. 35 In the present study, we observed that p62/SQSTM1, an autophagic substrate, is markedly upregulated at both mRNA and protein levels during the granulocytic differentiation process. Here, we investigated the regulation and the function of p62/SQSTM1 during AML cells differentiation into neutrophils/granulocytes.
Results p62/SQSTM1 is upregulated during ATRA-induced granu-locytic differentiation of AML cells. To address whether p62/SQSTM1 has a role during the maturation of myeloid leukemia cells, we first examined how its expression is modulated during the granulocyte differentiation of the NB4 cell line, a model of APL. 36 As shown in Figure 1a (upper panel), ATRA induces upregulation of p62/SQSTM1 protein in NB4 cells that is associated with an increase in the level of LC3-II. These responses occur in parallel to the granulocyte differentiation of NB4 cells as evidenced by the presence of cells with lobed nuclei and the increased expression of the cell surface marker CD11c (Figure 1a, lower panel) . Immunofluorescence analysis confirmed the accumulation of p62/SQSTM1 and suggests that most p62/SQSTM1 Figure 1 p62/SQSTM1 protein accumulates during terminal differentiation of acute promyelocytic leukemia (APL) cells. (a) The NB4 APL-derived cells were treated with 1 mM ATRA for the times indicated and then subjected to cell lysis. Upper panel: the p62/SQSTM1 and LC3-II protein levels were assessed following immunoblot analysis using antibodies directed against p62/SQSTM1 and LC3. GAPDH was used as a control. Lower panel: NB4 cells were treated with 1 mM ATRA for 4 days, granulocytic differentiation was determined by morphologic changes of cells stained with May-Grunwald Giemsa or by FACS analysis of the expression of the CD11c cell surface marker. (b) NB4 cells were treated with ATRA (1 mM, for 2 days) before immunostaining with p62/SQSTM1 and LC3 antibodies and examined by fluorescence microscopy. Nuclei were counterstained with DAPI (blue). The orange overlay shows the colocalization of p62/SQSTM1 and LC3 proteins. High-magnification images of cells denoted with asterisks are shown in right panel. (c) the NB4 APL-derived cells were treated with 1 mM ATRA for 3 days in the presence and absence of either E64d (10 mg/ml) and methyl ester pepstatin (1 mg/ml) or MG132 (100 nM). The expression levels of p62/SQSTMI and LC3-II proteins were assessed following immunoblot analysis using antibodies directed against p62/SQSTM1 and LC3. (d) The HL60 AML-derived cells were treated with 1 mM ATRA for 4 days and then subjected to either immunoblot analysis of p62/SQSTM1 and LC3 proteins (left panel) or FACS analysis of the expression of the cell surface granulocyte marker, CD11c (right panel). (e) Immunoblot analysis of p62/SQSTM1 and LC3 proteins in the NB4 cells treated with 100 nM PMA for 1 and 3 days (left, panel). Monocyte differentiation was assessed by FACS analysis of the expression of cell surface monocyte markers, CD11b, and CD14 (right panel). For FACS experiments, fluorescence intensity (FI) was measured for each treatment and results were expressed as median fluorescence intensity, MFI. **Po0.01; ***Po0.001 versus untreated cells. For all of the immunoblots, representative examples are shown p62/SQSTM1 role during granulocytic differentiation A Trocoli et al proteins colocalize with LC3 upon ATRA treatment of APL cells (Figure 1b) . The accumulation of p62/SQSTM1 in NB4 cells is not due to a defect in its clearance by lysosomal or proteasomal pathways, as levels were enhanced when the lysosomal proteases or proteasome activities were inhibited after treatment with E64d and Pepstatin A or MG132, respectively (Figure 1c) confirming once again our previous data showing that autophagy is functionally activated during APL cells maturation. 35 We also used the HL60 cell line, which is an in vitro model of myeloid leukemia cells that undergo granulocyte differentiation during ATRA treatment (as revealed by the increase in the expression of CD11c, Figure 1d , right panel). As shown in Figure 1d , p62/SQSTM1 and LC3-II proteins accumulated during ATRA-induced differentiation of the HL60 cells, supporting the hypothesis that the effect of ATRA on p62/SQSTM1 expression and autophagy is not restricted to the NB4 promyelocytic leukemia cells (Figure 1d ). Interestingly, p62/SQSTM1 upregulation associated with LC3-II accumulation (Figure 1e , upper panel) was also observed when NB4 cells underwent monocyte maturation after treatment with Phorbol 12-myristate 13-acetate (Figure 1e , lower panel), as evidenced by the increased expression of CD11b and CD14, two cell surface hallmarks of monocyte maturation. This supports the hypothesis that the p62/SQSTM1 upregulation represents a general phenomenon that occurs during myeloid cell lineage differentiation.
ATRA induces p62/SQSTM1 upregulation in differentiationsensitive NB4 cells but not in differentiation-resistant NB4-LR1 cells. To investigate whether the ATRA-induced accumulation of p62/SQSTM1 protein is the result of the increased levels of the p62/SQSTM1 mRNA, we next examined mRNA levels by performing RT-qPCR. As shown in Figure 2a , p62/SQSTM1 mRNA levels were enhanced during ATRA-induced maturation of NB4 cells (left þ progenitors cells (right panel) were treated with 1 mM ATRA and 10 ng/ml (hrG-CSF) for the indicated times, respectively. The p62/SQSTM1 mRNA levels were assessed, after RNA extraction, by RT-qPCR as described in Djavaheri-Mergny et al. 56 (b and c) NB4-LR1 cells, which are resistant to maturation by ATRA, were treated with 1 mM ATRA and 100-mM 8-CPT-cAMP alone or in combination for 4 days. . Interestingly, p62/SQSTM1 mRNA levels were also upregulated upon in vitro granulocytic differentiation of primary CD34 þ progenitors cells (right panel). To elucidate the relationship between p62/SQSTM1 expression and the differentiation process, we next measured the expression of p62/SQSTM1 protein and the level of mRNA in ATRA-treated NB4-LR1 cells, which are resistant to ATRA-induced maturation. 37 Of note, granulocyte differentiation was reestablished in NB4-LR1 when 8-(4-chlorophenylthio), 5 0 -cyclic adenosine monophosphate (8-CPT-cAMP) was added to ATRA as evidenced by p-nitro-blue tetrazolium (NBT) reduction assay and morphologic changes of cells stained by MGG (Figure 2b ). ATRA induced upregulation of p62/ SQSTM1 mRNA and protein in NB4 cells (Figures 2a and c ) that underwent granulocytic differentiation (Figure 2c ). In contrast, no modification of p62/SQSTM1 at the protein and mRNA levels was observed in response to ATRA in maturation-resistant NB4-LR1 cells ( Figure 2c ). Interestingly, when differentiation was reestablished in NB4-LR1 cells by a combination of ATRA and 8-CPT-cAMP treatment, 38 the upregulation of p62/SQSTM1 at both mRNA and protein levels was restored in these cells (Figure 2c upper panel) . The level of LC3-II protein was also increased in this condition, which confirms our previous study showing that autophagy is upregulated in mature granulocytes compared with immature ones 35 ( Figure 2c ). Altogether, these results suggest that p62/SQSTM1 expression level and ATRAinduced differentiation are interconnected processes.
NF-jB is required for p62/SQSTM1 upregulation during granulocyte differentiation of APL cells. To gain insight into mechanisms underlying p62/SQSTM1 upregulation, we analyzed the region of the p62/SQSTM1 gene, extending into the flanking genes, for transcription factors binding sites (ENCODE data). 39 This analysis revealed the existence of several NF-kB binding sites tested by ChIP assay in the proximal promoter region of p62/SQSTM1 (Supplementary Figure 1) . Moreover, the Transfac position weight matrix revealed the presence of robust HMR (Human, Mouse, Rabbit) consensus sequence for the NF-kB within this region (Supplementary Figure 1) . This analysis, together, with the previous data indicating that NF-kB is activated during ATRA-induced maturation of APL cells, 40 prompted us to determine whether NF-kB is responsible for p62/SQSTM1 upregulation by ATRA. We generated NB4 cells (named NB4 MAD cells) stably overexpressing the IkBa (A32/36) mutant, a super repressor form of IkBa that confers inhibition of NF-kB activity by preventing the degradation and phosphorylation of endogenous wild-type (wt) IkBa ( Figure 3a and Traenckner et al. 41 ). As shown in Figure 3a , ATRA induced p62/SQSTM1 protein upregulation only in NF-kB competent cells (NB4 control) but not in NF-kB incompetent cells (NB4 MAD cells). Similarly, p62/SQSTM1 mRNA levels were significantly lower in NB4 MAD cells compared with NB4 control cells after treatment with ATRA ( Figure 3b ). Moreover, NF-kB incompetent cells exhibited significantly lower level accumulation of LC3-II in response to ATRA than did NF-kB competent cells, suggesting that NF-kappaB signaling pathway controls, at least in part, the induction of autophagy during granulocyte differentiation. As previously published by Mathieu J. et al., 40 we found that NF-kB activation is not essential for granulocytic differentiation but prolongs the life span of mature myeloid cells (data not shown). These results indicate a strong dependency on NF-kB for regulation of p62/SQSTM1 expression and LC3-II levels in ATRA-induced granulocytic differentiation of NB4 cells. As expected, treatment of NB4 cells with ATRA triggered a moderate amount of cell death as evidenced by the appearance of cleaved forms of caspase 3 and caspase 8 (Figure 5a ), the loss of mitochondrial transmembrane potential (Figure 5b) , and the increase in the cell plasma membrane permeability (Figure 5c ). Interestingly, these features of cell death are all markedly enhanced when p62/SQSTM1 expression was downregulated by using specific shRNAs against p62/SQSTM1 ( Figure 5 ). In accordance with these results, shRNA-mediated knockdown of p62/SQSMT1 leads to a decrease in the number of APL cells that undergo granulocyte differentiation in response to ATRA (data not shown). To further elucidate the role of p62/ SQSTM1 in maintaining viability of mature cells, cell death was assessed in NB4-LR1 cells in which differentiation is impaired in response to ATRA but can be reestablished by cotreatement with 8-CPT-cAMP ( Figure 2b ). As shown in Figure 5d , ATRA promotes a massive cell death in NB4-LR1 cells as revealed by the substantial loss of Dcm (Figure 5d , lower panel), whereas no significant modification of p62/SQSTM1 protein level was observed in this context (Figure 5d, upper panel) . Interestingly, the combination of ATRA with 8-CPT-cAMP promotes p62/SQSTM1 upregulation (Figure 5d , upper panel) and protects these cells against death induced by ATRA (Figure 5d, lower panel) . These results support the idea that the ability of cells to induce or not p62/SQSTM1 expression may dictate the cell killing effect of ATRA. Altogether, these results clearly indicate that the upregulation of p62/SQSTM1 that occurs during terminal differentiation of APL cells is an essential signal for the survival of APL-derived cells that undergo terminal maturation.
p62/SQSTM1 regulates the levels of ubiquitinatedprotein aggregates that accumulate during terminal differentiation of APL cells. Because p62/SQSTM1 is known to interact with ubiquitinated proteins, [42] [43] [44] [45] we next examined whether the increase in p62/SQSTM1 protein levels by ATRA treatment of APL NB4 cells was associated with an accumulation of polyubiquitinated proteins. We used western blotting to assess the distribution of polyubiquitinated proteins into the Triton X-100-insoluble protein fractions prepared from NB4 extracts. As shown in Figure 6a , ATRA treatment of NB4 cells promoted the accumulation of polyubiquitinated proteins in Triton X-100-insoluble fraction, indicating that ubiquitinated-protein aggregates accumulate during granulocytic differentiation process. Immunofluorescence analysis in NB4 cells reveals also a robust accumulation of ubiquitinated proteins during the induction of differentiation of NB4 cells by ATRA (Figure 6b ). By using a fluorescence-based assay for the detection of aggregated proteins, we confirmed the abundance of aggregated proteins during ATRA-induced differentiation of NB4 cells as well as in NB4 cells treated with MG132, an inducer of aggresome formation (Figure 6c ). NB4 cells expressing shRNAs that target the p62/SQSTM1 mRNA (p62#1 shRNA or p62#2 shRNA) manifested a higher accumulation of ubiquitinated-protein aggregates during differentiation process (2.1 ± 0.3 fold and 2.6 ± 0.1 fold, respectively) than did cells expressing control shRNA (1.7 fold ±0.1) as evidenced by ubiquitin immunoblot analysis (Figure 6d ). In addition, ATRA induction of p62/SQSTM1 mRNA expression is dowregulated in AML patient samples. To support our finding that the expression of p62/SQSTM1 is enhanced during granulocytic maturation of AML cell lines, we further investigated whether the p62/SQSTM1 mRNA levels are repressed in primary blast cells from AML patients that are blocked in their maturation at the myeloid stage. We examined the p62/SQSTM1 mRNA levels by quantitative RT-PCR in 98 primary AML patient samples (FAB M0-M4), in 14 granulocytes preparations from healthy donors, and in three samples of CD34 þ progenitors cells. p62/SQSTM1 mRNA was detected in 95 of the 98 AML patient samples, in all granulocyte samples from healthy donors and in the CD34 þ progenitor cell samples. However, as shown in Figure 7 , p62/SQSTM1 mRNA levels were significantly lower in AML patient samples irrespective of their genetic abnormality types and their karyotypes and in CD34 þ progenitor cells than in granulocytes from healthy donors. Together, these results clearly show that the p62/SQSTM1 mRNA levels are downregulated in both AML patient samples and primary CD34 þ progenitors, which have an immature myeloid phenotype, compared with normal granulocytes. This underscores the tight association between p62/SQSTM1 expression level and maturation phenotype of myeloid cells.
Discussion
The cell survival function of p62/SQSTM1 has been shown in various cellular contexts but little is known about the role of this protein in cell viability during differentiation processes. 1, 46, 47 In fact, in several settings, p62/SQSTM1 alleviates, the cytotoxic effects of aggregated proteins by inducing their degradation. [42] [43] [44] [45] [46] We established, here, that p62/SQSTM1 operates as a cell survival signal for AML cells that undergo granulocyte differentiation. Furthermore, we showed that p62/SQSTM1 mitigates the effects of accumulation of aggregated proteins during ATRA-induced differentiation of APL cells. Whether p62/SQSTM1 is involved in the degradation of a bulk aggregate-prone proteins degradation system or allows the clearance of specific proteins remains an open question. Along this line, autophagy has been shown to contribute to the degradation of PML-RARa, a leukemogenic protein, through a mechanism that involved the binding of p62/SQSTM1 to PML-RARa. 48 , 49 Yet, how PML-RARa is recognized and directed to autophagosomes by p62/SQSTM1 is not elucidated. Interestingly, PML-RARa is, in turn, involved in the activation of constitutive autophagy activity implying a mutual regulation between PML-RARa and autophagy pathways. 50 Further investigation is required to determine whether and how p62/SQSTM1 protects cells against proteotoxic stress during granulocyte differentiation process.
In the present study, we found that p62/SQSTM1 expression is regulated through an NF-kB-dependant Ct values were normalized to HMBS and ABL1 ( À DCt) and represent log 2 expression levels. Mann-Whitney U-test *Po0.05; **Po0.01; ***Po0.001 p62/SQSTM1 role during granulocytic differentiation A Trocoli et al mechanism during granulocyte differentiation of AML cells. 40 Interestingly, the activity of NF-kB is, in turn, regulated by p62/SQSTM1. 1, 3, 4, 47 This suggests that NF-kB-mediated p62/SQSTM1 upregulation may represent a feed-forward signal for prolongation of NF-kB activity and thus cell survival during granulocytic maturation. In line with this assumption, Ling et al. 51 showed that the NF-kB pathway is activated by Kras (G12D) in pancreatic ductal adenocarcinoma through p62/SQSTM1 and IL-1 alpha feed-forward loops. In fact, the mutual regulation between p62/SQSTM1 and NF-kB pathways warrants further investigation. Moreover, our results corroborate a recent study that showed that miR-17, -20, -93, and -106, which target p62/SQSTM1, are expressed at higher levels in mouse and human hematopoietic blast cells than in mature myeloid cells. 52 Other transcriptional factors and miRNAs may also impact on p62/SQSTM1 expression.
We showed that the levels of p62/SQSTM1 mRNA and protein were both significantly increased during ATRAinduced differentiation of both the APL and AML cells (Figures 1a and d) . In agreement with these results, we found an upregulation of p62/SQSTM1 upon in vitro granulocytic differentiation of primary CD34 þ progenitors cells. Accordingly, primary blast cells of AML patients exhibited significantly lower p62/SQSTM1 mRNA levels than did granulocytes from healthy donors. p62/SQSTM1 upregulation was also shown during maturation of AML cells into either monocytes (Figure 1e ) or megakaryocytes (data not shown). 23 Of note, our findings differ from those reported by Wang et al. 49 who showed that p62/SQSTM1 is downregulated upon ATRA treatment of AML cells and contributes to their differentiation. To explain this discrepancy, we compared the expression of p62/SQSTM1 following cell lysis in two different lysis buffers and by using two different antibodies against p62/SQSTM1 (detailed information in Materials and Methods). In conclusion, using two different anti-p62 antibodies and two different procedures of protein extraction, we reproducibly confirmed a significant upregulation of p62/SQSTM1 protein in ATRA-treated NB4 cells.
Taken together, these results support the idea that p62/ SQSTM1 upregulation may represent a general physiological response that occurs during terminal differentiation of myeloid cells towards a specific cell lineage. These findings also suggest that p62/SQSTM1 upregulation may serve as a therapeutic marker, which may allow for early detection of refractory and relapsed AML patients with previous exposure to ATRA. Further studies are needed to assess for the validity of this hypothesis.
In conclusion, our data demonstrated that the p62/SQSTM1 is downregulated in cells that harbors an immature myeloid phenotype (i.e. AML cell lines, primary CD34 þ progenitors cells, and primary blasts from AML patients) as compared with terminally differentiated cells. Moreover, our results revealed that NF-kB-mediated p62/SQSTM1 upregulation has a critical role in the viability of AML cells that undergo granulocytic differentiation. Additional studies are needed to establish the physiological and physiopathological significance of the prosurvival function of p62/SQSTM1 in neutrophil/granulocyte development and in the outcome of AML patients, in particular, those who exhibit relapse disease after previous exposure to ATRA. Cell culture conditions. The acute promyelocytic leukemia-derived cell lines, NB4 (maturation-sensitive), and NB4-LR1 (maturation-resistant) carrying the reciprocal chromosomal translocation t(15 : 17) were obtained from Dr. M Lanotte. 36, 37 The myeloid leukemia cell line HL60 was purchased from the ATCC. All cells were cultivated in a RPMI 1640 medium supplemented with 2 mM L-glutamine, 50 units/ml penicillin, 50 mg/ml streptomycin, and 10% decomplemented fetal calf serum. Cells were grown in a humidified incubator at 37 1C with 5% CO 2 and 95% air. progenitor cells was done as described earlier. 54 The details of patients examined in the study are indicated in Supplementary Table. Immunofluorescence study. Cells were fixed and permeabilized with icecold methanol at À 20 1C for 4 min before incubation with the primary antibody diluted in blocking solution (PBS supplemented with 1% bovine serum albumin). Cells were washed with PBS supplemented with 0.1% Tween 20 before incubation with the secondary antibody. Cells were mounted on slides with mounting medium containing DAPI to counterstain nuclei. For polyubiquitinated proteins staining, cells were fixed in 4% paraformaldeyde and permeabilized in 0,3% Trition X-100 prior incubation with anti-ubiquitin antibody. Immunofluorescence and confocal microscopy were performed with a Â 60 objective using either an Olympus iX80 microscope or a Zeiss LSM 510 Meta microscope.
Lentivirus construction, preparation and cell transduction. The IkBa (A32/A36: serine-to-alanine mutations at residues 32 and 36) vector encoding a super repressor form of IkBa was previously described 41 and was kindly provided from Dr. N Faumont (CNRS-6101, Limoges, France). The MAD lentivirus vector was constructed by using Gateway technology after cloning into pDONR201 plasmid. The MAD cDNA was subsequently transferred by LR recombination into a Gateway adapted vector pER-60 plasmid that contains the human phosphoglycerate kinase (PGK) promoter, a Gateway attR cassette, the mouse PGK promoter, and the puromycin acetyltransferase gene cloned into pRRLhPGK.GFP.SIN to give the MAD lentivirus vector. 55 pER-60 was self-ligated to give the control lentivirus vector. The shRNA lentivirus transduction approach was used to silence the p62/SQSTM1 expression gene. Three pLKO1 lentiviral vectors expressing DNA sequences encoding shRNA p62#0 shRNA (TRCN0000007234), p62#1 shRNA (TRCN0000007235), and p62#2 shRNA (TRCN0000007236) were purchased from Open Biosystems (Huntsville, AL, USA). The pXS68 non-targeting shRNA was used as lentivirus cell transduction control. Lentiviruses were produced by calcium phosphate transfection of HEK 293T cells. 55 Virus-containing supernatants were collected 48 h after transfection, concentrated by centrifugal filters Amicon Ultra 50K (Millipore SAS). The titer of p62/SQSTM1 role during granulocytic differentiation A Trocoli et al each lentiviral batch was determined on NB4 cells. At 48 h after infection, transduced cells were selected by treatment with puromycin (2.5 mg/ml) for 3 days.
Isolation of RNA and real-time quantitative PCR. Total RNA extraction and cDNA generation were performed as previously described. 56 The sequences of forward and reverse oligonucleotide primers, specific to the chosen candidate and housekeeping genes, were designed using Primer3 software: http://primer3.sourceforge.net/. PCR primers used for amplification of p62/SQSTM1 were (forward) TACGACTTGTGTAGCGTCTGC and (reverse) GTGTCCGTGTTTCACCTTCC and the primers used to amplify the housekeeping gene cyclophilin B (CPB) were (forward) ACTTCACCAGGGGAGATGG and (reverse) AGCCGTTGGTGTCTTTGC). Real-time quantitative PCR (RT-qPCR) was performed in a LightCycler (Roche, Meylan, France) thermal cycler as previously described. 56 Threshold Ct values, which correlate inversely with the target mRNA levels, were calculated for each cDNA. The p62/SQSTM1 mRNA values were normalized to the expression level of the housekeeping gene, CPB.
Results were expressed as n-fold variations of p62/SQSTM1 mRNA expression compared with untreated cells by using the 2 À DDCT method of relative gene expression quantification. 57 All experiments were performed in triplicate. Patient data represent values normalized to the expression levels of the housekeeping genes HMBS (hydroxymethylbilane synthase) and ABL1 (Abelson murine leukemia viral oncogene homolog1).
Preparation of whole-cell extracts and Triton X100 -soluble and -insoluble protein fractions. Whole-cell extracts were prepared from 3-5 Â 10 6 cells subjected to lysis in either Tris/SDS buffer (10 mM Tris, pH 7.4, 1% SDS, 1 mM sodium orthovanadate) 56 or RIPA buffer. Note, a significant p62/SQSTM1 upregulation was observed upon ATRA treatment of NB4 cells irrespective of cell lysis buffers used (data not shown). For some experiments, Triton X100-soluble and -insoluble protein fractionation were performed following cell lysis in 20 mM NaCl, 20 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 0.1 mM EDTA, 0.1% Triton X-100, and protease cocktail, for 30 min at 4 1C. Then, cell extracts were centrifuged for 15 min at 15 000 g to separate soluble (supernatant) and insoluble (pellet) fractions. 58 Protein gel blot analysis. Fractions (30 mg to 50 mg) of cellular extract were subjected to SDS-polyacrylamide gel electrophoresis using a Tris/glycine buffer system based on the method of Laemmli as previously described. 56 'The p62/SQSTM1 protein levels were assessed following immunoblot analysis by using two different anti-p62/SQSTM1 antibodies: one from (BD Transduction Laboratory, #610832) and one from Santa Cruz biotechnology (#SC28359), which was used by Wang et al.
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Determination of aggregated proteins. Expression of aggregated proteins was determined by (i) immunoblot analysis of Triton X-100 using an antibody against polyubiquitinated proteins (ii) immunofluorescence analysis of polyubiquitinated proteins in cells , and (iii) measurement of aggresome formation using the ProteoStat Aggresome detection kit. Briefly, cells are incubated with the ProteoStat dye that becomes brightly fluorescent upon binding to aggregated proteins and processed for flow cytometeric analysis for determination of aggresomes in cells. MG132 is used as an inducer of aggresome formation.
Assessment of granulocyte differentiation. Granulocyte differentiation in the NB4 cells was determined by (i) morphologic assessment of cells stained with May-Grunwald Giemsa (MGG), (ii) analysis of the expression of the CD11c cell surface marker, and (iii) the nitroblue tetrazolium (NBT) reduction assay, as previously described. 40, 35 Monocyte differentiation in the NB4 cells was assessed by analysis of the expression of the CD14 and CD11b monocyte cell surface markers. The isolation of CD34 þ progenitors and their in vitro granulocytic differentiation was performed following incubation of CD34 þ progenitor cells with 10 ng/ml human recombinant granulocytic colony-stimulating factor as previously described. 54 Evaluation of cell death processes. Cell death modalities were characterized by (i) measurement of the mitochondrial transmembrane potential (DCm) as previously described 35, 56 using TMRM dye, (ii) evaluation of plasma cell membrane permeability as previously described using propidium iodide dye or (iii) western blotting analyses of the cleaved forms of caspases.
Statistical analysis. Unless otherwise stated, the ANOVA Tukey test was used for calculation of P-values for comparisons between two groups using GraphPad Prism software. For the analysis of the p62/SQSTM1 mRNA data in primary blast cells from AML patients, the non-parametic Mann-Whitney U-test was used for calculation of P-values. P-valueso0.05 were considered to be statistically significant. Results are given as means plus or minus S.D. of three independent experiments. For western blotting experiments, data are representative of at least two independent experiments.
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